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Abstract
Rheumatoid arthritis (RA) is an autoimmune disease that can have significant effects on the health and wellbeing 

of patients and generates a heavy burden for healthcare providers. Severe disability associated with RA has been 
reduced by the development and use of biological therapies including anti-TNF-α and anti-IL-6R. Here we will review 
how immune modulating agents currently available for the treatment of RA can effect regulation of inflammation. 
Furthermore, we discuss how inflammation is regulated by specialized regulatory T cell subsets (Treg) and how 
defects in regulation have led to the concept that boosting Treg numbers or function in RA may lead to long lasting 
disease remission. We proceed to describe how immunotherapy may contribute to the modulation of Treg and how 
cellular therapies such as antigen-specific Treg and tolerogenic dendritic cells may provide a mechanism to re-
establish antigen-specific suppression of inflammation in RA. 
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Introduction
Rheumatoid arthritis (RA) is a chronic, systemic inflammatory 

disease affecting approximately 1% of the population [1]. Nevertheless, 
in the early 1990s RA was estimated to cost £1.256 billion per year in 
England, with 52% of this sum as a result of work-related production 
loss through disability [2]. Initial treatment for RA consists of disease 
modifying anti-rheumatic drugs (DMARDS) such as methotrexate, 
sulfalsalazine, hydroxychloroquine, prednisolone or leflunomide. 
Aggressive treatment with a combination of DMARDs soon after 
diagnosis has been shown to be highly beneficial for the control 
of inflammation and bone erosion in RA [3-6]. In recent years the 
treatment of RA has been revolutionized by the advent of biologic 
therapies that target known inflammatory pathways. In the UK, 
patients with an inadequate response to DMARDS can be prescribed 
agents which inhibit TNF-α and IL-6, deplete B cells and block T cell 
co-stimulation. Not only have these therapies been highly efficacious in 
the treatment of RA, but each in turn has offered insight into distinct 
pathways involved in the pathogenesis of disease. Moreover, a number 
of these therapies have been shown to reset the immune system, 
permitting the restoration or induction of tolerance by ameliorating 
regulatory cell number or function. In the future, this capacity to 
modulate tolerance to self tissue will become more targeted with a 
focus on cellular therapies and fine tuned modulation of intracellular 
signaling pathways. This review will discuss the current research on 
the capacity of biological therapies currently used in RA to modulate 
tolerance to self-tissue and biological and cellular therapies under 
consideration for use in the future. 

Targeting Inflammation through Induction of Tolerance
Tolerance

T cells are selected on a gradient of reactivity and so some cells that 
enter the circulation will be more strongly self-reactive than others. 
Moreover, not all autologous proteins can be expressed in the thymus. 
Thus, there must be mechanisms in place to suppress immune response 
to self-antigens in the peripheral tissues. These include anatomical 
sequestration, the induction of anergy and the activity of regulatory T 
cells (Treg) [7].

Anergy: In contrast to their naive counterparts, T cells that 
have encountered antigen can migrate into the tissues. However, 
the transfer of T cells with a TCR specific for the protein ovalbumin 
(OVA) to mice with expression of OVA on peripheral tissues does not 
result in autoimmunity. Only upon secondary damage to the tissue 
could a robust OVA-mediated pathology be triggered [8]. Thus, the 
presence of auto-reactive T cells in the tissue is not sufficient to drive 
autoimmunity.

T cell activation in the periphery requires interaction with antigen 
presenting cells (APC) expressing an antigenic peptide for which the 
T cell is specific. Additionally, T cells require a co-stimulatory signal 
to become activated. The best-characterized co-stimulatory interaction 
is that of CD28 on T cells and B7 family members (in particular B7-1/
CD80 and B7-2/CD86) expressed on APC. CD28 lowers the threshold 
required for activation of T cells via the TCR [9]. Mice which are deficient 
in CD28 have impaired T cell response to antigen with a reduced 
activation of helper T cells and reduced antibody class switching [10]. 
Thus, binding of B7 family members to CD28 in combination with a 
TCR signal leads to an increase in the transcription and production of 
interleukin (IL)-2 to promote T cell proliferation [11]. 

If a T cell recognizes an antigen but does not receive this second 
co-stimulatory signal it becomes functionally unresponsive, or 
anergized [12]. In the absence of inflammation APC do not up-

Anatomical sequestration: The circulation of naive T cells, 
mediated by the chemokine receptor CCR7 and its ligands, ensure that 
cells that have not experienced antigen never enter the non-lymphoid 
peripheral tissues. This reduces the possibility of self-antigen being 
presented to T cells.
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regulate co-stimulatory molecules. Cells which recognize antigen in 
this environment may undergo proliferation but will fail to become 
pathogenic [7]. T cell anergy can also be induced by interaction of T 
cells with tolerogenic dendritic cells (TolDC) which have undergone 
incomplete maturation due to the uptake of apoptotic cells [7]. 
Furthermore, recent data suggest that the induction of anergy may 
not be a passive process, as members of the CD28 family including 
cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed death 
1 (PD-1) have been shown to negatively regulate T cell co-stimulation  
[13].

Thus, in order to break tolerance, self-reactive T cells must escape 
negative selection in the thymus. These cells must then encounter 
antigen in the context of inflammation.

Whilst natural Treg are selected in the thymus, and express genes 
such as Ikzf2 (Helios) and Nrp1 (Neuropilin-1) [16,17], induced Treg, 
that can develop from CD4+ T cells or CD8+ T cells, develop outside 
of the thymus under a variety of conditions and have been reported to 
express Dapl1 and Igfbp4 [18].

As nTreg are thought to be crucial for maintenance of tolerance, 
why is it that we need iTreg at all? Two recent studies have tried to 
address the relative importance of both nTreg and iTreg in suppression 
of chronic inflammation. In the first, a lymphopenic model of 
inflammatory bowel disease was used to determine the capacity of iTreg 
to suppress autoimmune inflammation. Transfer of Tconv cells (CD4+ 
Foxp3- CD45 RBhi) into Rag1-/- mice resulted in the development of 
colitis but also the induction of Foxp3 expressing CD4+ iTreg. However 
if Tconv cells were transferred from mice that could not generate iTreg, 
accelerated disease was observed. Further experiments where nTreg or 
iTreg or combinations of both were transferred into mice with colitis, 
revealed that recovery from disease was dependent upon the presence 
of both nTreg and iTreg [19]. In the second study, it was shown that 
rescue of Foxp3 deficient mice from autoimmune lymphoproliferative 
disease was only obtained by the co-transfer of nTreg and Tconv (a 
proportion of which became iTreg). Transfer of nTreg allowed Foxp3 
deficient mice to survive, but this was not sufficient to maintain 
tolerance as iTreg were required to control pathology at mucosal 
surfaces [20].

We have also reported that iTreg have functional differences to 
nTreg. Natural Treg are unable to suppress production of IL-17, yet 
both CD4+ iTreg and CD8+ iTreg can suppress IL-17 [21,22].

The effects of inflammation on Treg function
A number of cytokines present during inflammation can subvert 

the function of nTreg. IL-6 was the first cytokine shown to confer 
resistance upon target cells to the effects of nTreg mediated suppression 
[23]. Moreover, IL-6 prevented efficient regulation of effector responses 
in a mouse model of inflammation, despite increased numbers of Treg 
[24]. In humans however, IL-6 has not been identified as a cytokine 

that influences nTreg function, although other cytokines such as IL-7 
and TNF-α may inhibit the suppressive function of nTreg [25]. IL-6 has 
also been described to prevent the conversion of conventional CD4+ T 
cells into iTreg [26], whilst promoting the development of Th17 cells 
[27]. IL-6 does have opposing effect on CD8+ T cells though, promoting 
the induction of Foxp3 expression and the development of iTreg [27]. 

As mentioned earlier, TNF-α is also thought to influence nTreg 
function. Addition of TNF-α to in vitro suppression assays inhibited 
nTreg suppressor function by down regulating the expression of Foxp3 
[28]. In addition, patients with RA have dysfunctional nTreg with an 
inability to suppress pro-inflammatory cytokine production, yet in 
anti-TNF-α treated patients functional CD4+ iTreg that can suppress 
inflammatory cytokine production have been identified [21,29]. These 
data suggest that TNF-α may inhibit nTreg function or inhibit iTreg 
induction in RA during chronic inflammation. However, not all studies 
agree that TNF-α is detrimental to nTreg, with one report showing 
that TNF-α actually promotes expansion and function of nTreg due to 
their high expression of TNFR2 [30]. A further study in diabetic mice 
confirmed that Tconv cells boost the activation and function of nTreg 
in vivo via their production of TNF-α [31].

These findings could suggest that there is a balance between the 
pro-inflammatory actions of cytokines such as IL-6 and TNF-α and 
their potential anti-inflammatory effects. Under certain conditions 
during chronic inflammation pro-inflammatory cytokines may 
enhance nTreg function or induce new functional Treg to limit the 
collateral damage caused by an excessive immune responses. 

Regulatory T cells in RA

Regulatory T cells have been shown to be defective at suppressing 
cytokine production in RA [21,32,33]. The proportion of CD4+ Treg in 
the peripheral blood of patients with RA appears to be normal, however 
functionally they are unable to regulate IFN-γ and TNF-α production 
and display an inability to suppress the highly arthritogenic cytokine, 
IL-17 [21,32]. It has been shown however that increased numbers 
of nTreg are present in the synovial fluid from RA patients and that 
inflammatory cytokines found in the joints of patients with RA may 
not alter nTreg function per se but influence the ability of activated 
Tconv to become suppressed by Treg [34]. The restoration of Treg 
function using biologic therapy or the introduction of new functional 
Treg in patients is an attractive strategy for treating disease.

The Use of Biologics to Induce Functional Treg 
Anti-TNF-α in RA

Inflammation is known to negatively modulate Treg function. 
Given the abundance of TNF-α in the synovium of patients with RA 
it was proposed that the response to anti-TNF-α therapy might be 
mediated, in part, via a reversal of the Treg defect observed in these 
patients. Indeed, Treg from RA patients treated with infliximab were 
shown to suppress IFN-γ and TNF-α at comparable levels to healthy 
controls. Moreover, it was found that these patients had an increase in 
the number of peripheral Treg [32]. This heavily implicated TNF-α in 
the modulation of Treg number and function. 

The restoration of suppressive function observed in patients 
responding to infliximab therapy led to an investigation of the 
phenotypic and functional characteristics of the Treg from these 
patients. Ex vivo staining revealed that patients treated with infliximab 
had increased levels of CD62L- Treg compared to healthy controls and 
patients with active RA [29]. Comparison of the suppressive function 

Regulatory T cells: Regulatory T cells are key mediators of peripheral 
immune tolerance, essential for maintaining immune homeostasis and 
controlling the magnitude of the effector response. Two main subsets 
of Treg exist, natural and induced or adaptive. Constituting 5-10% of 
the CD4+ T cell population in peripheral blood and characterized by 
their expression of the transcription factor Foxp3 and high levels of 
CD25, natural Treg are essential for maintaining immune tolerance. 
Mutations in the Foxp3 gene in both mouse and human results in the 
development of severe autoimmunity, demonstrating the importance 
of Foxp3 in Treg function  [14,15]. 
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of CD62L+ and CD62L- Treg showed unsurprisingly, that both were 
defective in patients with RA. However, whilst CD62L+ Treg were 
the most potent suppressors in healthy controls, in infliximab treated 
patients there was a distinct shift. The suppressive ability of CD62L+ 
Treg in infliximab treated patients resembled that of patients with 
active RA but CD62L- Treg were much more potent suppressors 
than the same population in healthy controls or patients with active 
RA. Moreover, in contrast to functional Treg in healthy controls, the 
neutralisation of TGF-β and IL-10 abrogated the suppressive ability 
of CD62L- Treg. Furthermore, it was shown that the in vitro addition 
of infliximab to purified CD25- cells from patients with RA, but not 
healthy controls, induced a population of FOXP3+ cells. These cells 
were shown to be CD62L- and examination of their function in vitro 
found that they could suppress IFN-γ. Thus, it was concluded that 
infliximab induced Treg with the capacity to suppress IFN-γ rather 
than restoring the suppressive ability of existing Treg [29]. 

A more recent study has demonstrated differences in the capacity 
of anti-TNF therapeutics to induce Treg. Despite a similar clinical 
response to therapy, RA patients treated with the monoclonal antibody, 
adalimumab, but not the soluble TNFR2 molecule, etanercept, induced 
a population of Treg with distinct functional properties. These cells 
possessed the capacity to suppress not only IFN-γ but also IL-17. In 
contrast to the regulation of Th1 responses, suppression of IL-17 was not 
dependent upon IL-10 or TGF-β production. Rather, the suppression of 
Th17 cells by Treg from adalimumab treated RA patients was mediated 
via the modulation of monocyte-derived IL-6. This capacity to control 
both IL-6 and IL-17 was shown to be mediated by a soluble factor [21]. 
These data indicate that biologic therapy can induce Treg with restored 
function but perhaps also an enhanced function, which may be specific 
to the inflammatory environment in which they are generated.

Anti-CD3 monoclonal antibodies (mAb) 
Anti-CD3 mAb was first linked to the induction of tolerance 

in 1981, when Cosimi et al. demonstrated that it effectively reversed 
acute organ rejection [35]. Further studies confirmed that anti-CD3 
mAb induced permanent tolerance in rats with histocompatibility 
mismatched heart grafts, yet skin allografts from a third-party rat were 
rejected [36].

Similar studies using the NOD mouse as a model for type I 
diabetes, revealed that anti-CD3 mAb could also have beneficial 
effects in autoimmunity. A five day treatment of diabetic mice with 
anti-CD3 mAb resulted in permanent disease remission, and this was 
associated with the induction of CD4+ Treg that produced TGF-β [37-
39]. Although anti-CD3 mAb treatment has effects on regulatory T cell 
populations, it is thought that multiple mechanisms contribute to re-
setting the immune response allowing for the induction of tolerance 
[40]. 

Based on the encouraging data from animal models, clinical trials 
were initiated using humanized Fc-engineered monoclonal antibodies 
teplizumab and otelixizumab [41,42]. Results have been encouraging 
as patients treated with short courses of otelixizumab have shown 
preservation of β-cell function and reduced the requirement for insulin 
for up to 18 months post treatment [42]. One study is of particular 
interest as it correlated disease remission with the appearance of 
CD8+CD25+ Treg in the peripheral blood of type I diabetes patients 
treated with teplizumab, suggesting that Treg induction can occur in 
humans, not just mouse models [43]. More recently, the development 
of mice expressing human CD3 has allowed for further study of the in 

vivo effects of teplizumab or otelixizumab in mice with autoimmunity 
[44,45]. 

Anti-CD3 mAb in RA

The presence of CD4+ and CD8+ T cells in the synovial fluid of 
patients with inflammatory arthritis has made them potential targets 
for therapy. The use of non-mitogenic anti-CD3 monoclonal antibodies 
have been proposed as biologics with the ability to re-program the 
immune response and inhibit inflammation [46]. Indeed, a clinical trial 
involving the use of anti-CD3 mAb in psoriatic arthritis for an 8-10 day 
period resulted in the reduction of swollen joints in these patients [47].

Collagen-induced arthritis has been used to investigate the potential 
therapeutic benefits of anti-CD3 mAb in inflammatory arthritis. Our 
own data has shown that a single dose of anti-CD3 mAb can abrogate 
CIA in mice. Suppression of disease was accompanied by the induction 
of Foxp3 expression by CD8+ T cells and an increase in the proportion 
of CD4+Foxp3+ Treg, due to the depletion of CD4+Foxp3- T cells. 
The naturally occurring CD4+Foxp3+ Treg from mice with CIA were 
unable to suppress Th17 responses in vitro, and this was unaltered in 
response to anti-CD3 mAb therapy. In contrast however, the induced 
CD8+Foxp3+ iTreg could suppress both collagen-specific Th1 and 
Th17 responses in vitro [22]. 

One of the side effects associated with the use of intra-venous anti-
CD3 mAb is the cytokine release observed after the first infusions. Whilst 
modulation of the Fc portion of anti-CD3 mAb have to some extent 
reduced the severity of the cytokine release, the use of an alternative 
route of administration may inhibit cytokine release completely. For 
example, nasal administration of anti-CD3 mAb has been shown to be 
sufficient to suppress CIA, with disease remission associated with the 
induced LAP+ CD4+ Treg and increased IL-10 production [48]. Anti-
CD3 mAb appear to be a promising therapy for RA, with the potential 
to re-program the immune system and re-establish regulatory T cell 
control. However, the side effects of cytokine release must be carefully 
controlled, either through an alternative route of administration or 
via combination with other therapies such as anti-TNF-α [49]. It also 
remains to be determined whether a short dose of anti-CD3 mAb can 
induce tolerance via the induction of functional Treg in patients with 
inflammatory arthritis. It is important to understand whether anti-CD3 
mAb will induce a systemic immune suppression or antigen-specific 
regulation as patients must not be put at risk of developing cancer or 
being more susceptible to infection. 

Cellular therapies

Since the demonstration that the transfer of nTreg into mice with 
arthritis could suppress the severity of disease, the use of cellular 
therapies in RA has been an attractive option for re-establishing 
tolerance. Several strategies are under consideration for the 
development of cellular therapies, each with their own advantages and 
possible disadvantages.

In vitro generated iTreg

The ability to generate iTreg in vitro by culturing CD4+Foxp3- T 
cells in the presence of TGF-β provides a mechanism by which large 
numbers of functional iTreg could be generated for adoptive transfer 
into patients with RA [50]. One recent study in mice, comparing the 
ability of nTreg and TGF-β-induced iTreg to supress CIA, reported 
that nTreg were easily converted to Th17 cells upon transfer into 
arthritic mice, whereas the iTreg sustained Foxp3 expression and 
remained stable [51]. However, TGF-β induced Treg are thought to 
be unstable [52,53] and pose a risk of converting into pathogenic T 
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conv. In humans, there have been studies showing that T cells induced 
to express Foxp3 by culture with TGF-β lack suppressive capacity and 
may require additional signals to convert them into functional iTreg. 
The addition of IL-2 and retinoic acid to cultures of TGF-β stimulated 
CD4+ T cells can induce stable, suppressive Foxp3+ iTreg [54,55]. Before 
this method is translated into patients with chronic inflammatory 
disease it will be important to determine whether these cells remain 
stable in vivo during inflammation and whether they can regulate in an 
antigen-specific manner.

In vitro expansion of antigen-specific nTreg

Animal models have provided some promising data for the use 
of antigen-specific nTreg in suppressing transplant rejection and 
graft versus host disease (GVHD) [56,57]. In patients, expansion 
of pre-existing Treg Ex vivo may be helpful in regulating ongoing 
inflammation, however, there are several problems associated with this 
method. Firstly, it is important to obtain a relatively pure population 
of Treg as Treg proliferate poorly in vitro and will soon be outgrown 
by T cells in prolonged cultures. Live cells can not be isolated based on 
Foxp3 expression and therefore high expression of CD25 is generally 
used as a marker for Treg isolation. This is a problem in autoimmunity 
where Tconv may transiently upregulate CD25 and Foxp3 upon 
activation [58]. Currently the best marker available to differentiate 
between Treg and Tconv with high expression of CD25 is CD127, the 
IL-7 receptor α-chain, which is expressed at low levels on Treg [59]. 
Secondly, obtaining large numbers of pure Treg from patients for this 
approach may also be problematic. Although there are several technical 
issues that need to be overcome before this method is put into practice, 
it offers a standardized protocol in which patients could be treated with 
their own antigen-specific Treg.

Generation of antigen-specific nTreg via TCR gene transfer

Modulation of Treg TCR via gene transfer is an attractive option 
for boosting the antigen-specificty of Treg in autoimmunity. Genetic 
manipulation of the TCR expressed by T cells has been explored in 
cancer in order to boost cytotoxic cell activity and clearance of tumour 
cells [60]. Lentiviral TCR gene transfer has been used to re-direct 
human Treg, making them capable of recognizing the melonoma 
antigen tyrosinase. This resulted in the generation of antigen-specific 
human Treg that were capable of regulating T cell tumor responses in 
vivo [61]. 

In RA, the auto-antigen responsible for chronic stimulation of the 
immune system is unknown and may be different between individuals, 
therefore developing an antigen-specific TCR is more challenging. We 
do know however that Treg, once activated by its cognate antigen can 
regulate T cell responses within the immediate vicinity, regardless of 
specificity. This phenomenon has been utilized to develop a system 
whereby designer Treg specific for a “bystander” antigen can suppress 
inflammatory arthritis caused by a separate antigen [62]. Mice induced 
to develop a methylated BSA (mBSA) specific inflammatory arthritis 
were either injected intra-articularily with mBSA or mBSA and 
ovalbumin (OVA). CD4+Foxp3+ nTreg or CD4+ T cells transduced 
with Foxp3 were re-directed via the transduction of an OVA-specific 
TCR, and when adoptively transferred into arthritic mice, could 
regulate disease in the knees containing mBSA and OVA but not 
mBSA alone [62]. This linked suppression was dependent upon the 
antigen targeted by the designer Treg being present in the inflamed 
joint. This data offers a tempting glimpse at a future where Treg can be 
targeted to suppress in an antigen dependent manner without knowing 
the disease-initiating antigen. Indeed, one target of this therapy upon 

translation into patients with RA may be citrullinated proteins. These 
proteins make good candidates not least because approximately 80% 
of RA patients present with anti-citrullinated protein antibodies 
(ACPA) [63]. Citrullination is the post-translational conversion of 
an arginine residue to a citrulline. This post-translational conversion, 
usually under extreme intracellular conditions makes it unlikely that 
these proteins will have been expressed in the thymus during T cell 
development, permitting the ‘escape’ of T cells reactive to citrulline 
residues into the circulation. Interestingly, citrulline has been shown 
to fit into a region of major histocompatability complex (MHC) class 
II known as the ‘shared epitope’ [64]. The genes which code for this 
region of the antigen presenting molecule are the greatest genetic risk 
factor for RA [65,66]. Indeed, MHC class II susceptibility genes have 
been found to associate with production of ACPA [67]. Citrullinated 
proteins that have been described in the synovium of RA patients 
include fibrin, vimentin, type II collagenase and alpha enolase [68-
71]. The requirement of citrullination of these proteins was shown 
in experiments where DR4-IE transgenic mice which express an RA 
susceptible MHC were injected with citrullinated or non-citrullinated 
fibrinogen and only animals injected with the citrullinated protein 
proceeded to develop arthritis [72]. Thus, citrullinated proteins such 
as fibrinogen or vimentin, that are highly specific to RA, could provide 
target antigens for designer Treg. 

Tolerogenic Dendritic Cells
In addition to targeting Treg to the site of inflammation directly, 

there is also the possibility of modulating the way in which antigens 
are presented to T cells to favor the induction of tolerance. Dendritic 
cells (DCs) are specialized antigen presenting cells and these cells 
play a fundamental role in tolerance to self-tissue. In the absence of 
inflammation DCs express low levels of co-stimulatory molecules and 
other markers of activation – these cells are described as immature 
DCs. If immature DCs present antigen to a T cell, the cells may undergo 
proliferation but will fail to become pathogenic [7]. Furthermore, it has 
been shown that targeting of antigen to immature DCs leads to the 
inhibition of antigen specific effector T cell function and the appearance 
of IL-10 producing antigen specific regulatory T cells [73,74]. Thus, 
immature DCs not only prevent the activation of the immune response 
but also promote the induction of tolerance through the generation of 
Treg. 

The in vitro generation of TolDCs has been successful via a variety 
of methods, including genetic and pharmacological manipulation, 
and transfer of these cells into animal models of autoimmunity has 
led to suppression of disease [75-78]. The generation of antigen-
loaded TolDCs for therapy in RA offers a promising way to modulate 
the entire adaptive immune response. However, similar to the Ex 
vivo manipulation of Treg, there are safety issues associated with the 
generation of TolDCs from monocytes isolated from RA patients. 
Monocyte-derived DCs from RA patients have been described as having 
a more pro-inflammatory phenotype compared to those from healthy 
individuals [79,80], which may make them more difficult to convert to 
TolDCs. Identifying markers for TolDCs, other than those similar to 
immature DCs, will be helpful for studying their stability in vivo in the 
presence of inflammation. However, clinical grade human monocyte-
derived TolDCs have already been generated from patients with RA. 
These cells are phenotypically comparable to TolDCs generated from 
healthy individuals and suppressed T cell proliferation and pro-
inflammatory cytokine production. Moreover, these cells were stable 
when immunosuppressive drugs were withdrawn and when challenged 
with pro-inflammatory mediators [81]. The generation of antigen-
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specific tolerance in RA using TolDCs also has similar challenges as the 
use of designer Treg. Not knowing the auto-antigen to target has led to 
several approaches being considered, including the loading of TolDCs 
with autologous synovial fluid that contains a variety of auto-antigens 
or the loading with citrullinated peptides derived from RA candidate 
auto-antigens [82]. The generation of an antigen-specific TolDC, either 
by generation in vitro or manipulation of DC in vivo could present an 
exciting cellular therapy that acts to reprogram the immune system, 
switching off pathogenic T cell responses whilst inducing antigen-
specific Treg.

Future Therapeutics
Recent research has focused on immunotherapies that target 

intracellular signaling pathways. Two recent papers have described the 
successful use of JAK pathway inhibitors in patients with RA [83,84]. 
It remains to be seen if this represents a novel immunomodulatory 
therapeutic with the capacity to reset peripheral tolerance in RA. 
However, the prevalence of JAK-STAT signaling in cells of the 
immune system including Treg and DCs may suggest that this therapy 
could ameliorate disease through restoring or enhancing tolerogenic 
mechanisms.

Summary

There is a broad spectrum of treatments available for use in RA that range from 
disease modifying drugs such as methotrexate to biological therapies including 
anti-TNF-α. Current therapies target the inflammatory response; either the cells 
involved in disease progression or the inflammatory cytokines they produce. This 
improves disease through a reduction in inflammation, pain and joint destruction 
(Figure 1). Although successful, patients are required to continue therapy for the 
rest of their lives leading to significant costs to the health service, increased risk 
of side-effects and increased incidence of relapse. The ability to take a short 
course of drugs to induce tolerance through the induction of Treg or the capacity to 
transfuse patients with autologous antigen-specific Treg or TolDCs to re-program 
the immune system and suppress disease long term is an attractive concept. 
Improved understanding of the mechanisms of tolerance induction and the function 
of immunoregulatory cells will aid in the translation of these cellular therapies into 
patients with RA providing short term, long-lasting disease specific therapy.

References
1.	 Wiles N, Symmons DP, Harrison B, Barrett E, Barrett JH, et al. (1999) 

Estimating the incidence of rheumatoid arthritis: trying to hit a moving target? 
Arthritis Rheum 42: 1339-1346.

2.	 McIntosh E (1996) The cost of rheumatoid arthritis. Br J Rheumatol 35: 781-
790.

3.	 O’Dell JR, Haire CE, Erikson N, Drymalski W, Palmer W, et al. (1996) 
Treatment of rheumatoid arthritis with methotrexate alone, sulfasalazine and 
hydroxychloroquine, or a combination of all three medications. N Engl J Med 
334: 1287-1291.

4.	 Möttönen T, Hannonen P, Leirisalo-Repo M, Nissilä M, Kautiainen H, et al. 
(1999) Comparison of combination therapy with single-drug therapy in early 
rheumatoid arthritis: a randomised trial. FIN-RACo trial group. Lancet 353: 
1568-1573.

5.	 Svensson B, Boonen A, Albertsson K, van der Heijde D, Keller C, et al. (2005) 
Low-dose prednisolone in addition to the initial disease-modifying antirheumatic 
drug in patients with early active rheumatoid arthritis reduces joint destruction 
and increases the remission rate: a two-year randomized trial. Arthritis Rheum 
52: 3360-3370.

6.	 Gremese E, Salaffi F, Bosello SL, Ciapetti A, Bobbio-Pallavicini F, et al. (2012) 
Very early rheumatoid arthritis as a predictor of remission: a multicentre real life 
prospective study. Ann Rheum Dis.

7.	 Mueller DL (2010) Mechanisms maintaining peripheral tolerance. Nat Immunol 
11: 21-27.

8.	 Bianchi T, Pincus LB, Wurbel MA, Rich BE, Kupper TS, et al. (2009) Maintenance 
of peripheral tolerance through controlled tissue homing of antigen-specific T 
cells in K14-mOVA mice. J Immunol 182: 4665-4674.

9.	 Iezzi G, Karjalainen K, Lanzavecchia A (1998) The duration of antigenic 
stimulation determines the fate of naive and effector T cells. Immunity 8: 89-95.

10.	Shahinian A, Pfeffer K, Lee KP, Kündig TM, Kishihara K, et al. (1993) 
Differential T cell costimulatory requirements in CD28-deficient mice. Science 
261: 609-612.

11.	Fraser JD, Irving BA, Crabtree GR, Weiss A (1991) Regulation of interleukin-2 
gene enhancer activity by the T cell accessory molecule CD28. Science 251: 
313-316.

12.	Lenschow DJ, Walunas TL, Bluestone JA (1996) CD28/B7 system of T cell 
costimulation. Annu Rev Immunol 14: 233-258.

13.	Nurieva RI, Liu X, Dong C (2009) Yin-Yang of costimulation: crucial controls of 
immune tolerance and function. Immunol Rev 229: 88-100.

DC

DC

CD8
CD4

MHC 
class I 

CD3 
CD3 

Treg

CD28

CD28

anti-TNFa

tocilizumab

DC

Treg

CD80/86 

anti-CD3

 in vitro iTreg

 in vitro expanded nTreg

MHC 
class II 

MHC 
class I 

TolDC

TolDC

 in vitro generated TolDCs

IFN-g / IL-17

Figure 1: Therapeutic strategies for the treatment of RA
Immunotherapies for the treatment of RA have directly targeted pro-inflammatory cytokines such as TNFα and IL-17, and others, such as IL-6, through the blockade 
of the IL-6 receptor (tocilizumab). Agents that deplete subsets of cells such as T cell depleting anti-CD3 antibodies may also be helpful in re-setting the immune 
response via the induction of Treg. In future it is hoped that cellular therapies will add to the cannon of therapeutic agents to treat RA either through the in vitro 
expansion of naturally occurring Treg from patients or the in vitro induction of antigen specific Treg. Alternatively, the generation of TolDCs in vitro and transfer back 
to the patient could result in altering the balance of inflammation towards tolerance via the reduction in T cell activation and cytokine production, the increase in 
production of anti-inflammatory cytokines and the induction of functional Treg.

http://www.ncbi.nlm.nih.gov/pubmed/10403260
http://www.ncbi.nlm.nih.gov/pubmed/8761194
http://www.ncbi.nlm.nih.gov/pubmed/8609945
http://www.ncbi.nlm.nih.gov/pubmed/10334255
http://www.ncbi.nlm.nih.gov/pubmed/16255010
http://www.ncbi.nlm.nih.gov/pubmed/22798566
http://www.ncbi.nlm.nih.gov/pubmed/20016506
http://www.ncbi.nlm.nih.gov/pubmed/19342642
http://www.ncbi.nlm.nih.gov/pubmed/9462514
http://www.ncbi.nlm.nih.gov/pubmed/7688139
http://www.ncbi.nlm.nih.gov/pubmed/1846244
http://www.ncbi.nlm.nih.gov/pubmed/8717514
http://www.ncbi.nlm.nih.gov/pubmed/19426216


Citation: McGovern JL, Notley CA (2013) Immunotherapy in Rheumatoid Arthritis: Prospects for the Restoration of Tolerance. J Clin Cell Immunol 
S6: 008. doi:10.4172/2155-9899.S6-008

Page 6 of 7

J Clin Cell Immunol                                                                                                                                 ISSN:2155-9899 JCCI, an open access journal Immunotherapies and Rheumatoid arthritis

14.	Fontenot JD, Gavin MA, Rudensky AY (2003) Foxp3 programs the development 
and function of CD4+CD25+ regulatory T cells. Nat Immunol 4: 330-336.

15.	Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, et al. (2001) 
The immune dysregulation, polyendocrinopathy, enteropathy, X-linked 
syndrome (IPEX) is caused by mutations of FOXP3. Nat Genet 27: 20-21.

16.	Weiss JM, Bilate AM, Gobert M, Ding Y, Curotto de Lafaille MA, et al. (2012) 
Neuropilin 1 is expressed on thymus-derived natural regulatory T cells, but not 
mucosa-generated induced Foxp3+ T reg cells. J Exp Med 209: 1723-1742, 
S1.

17.	Hill JA, Feuerer M, Tash K, Haxhinasto S, Perez J, et al. (2007) Foxp3 
transcription-factor-dependent and -independent regulation of the regulatory T 
cell transcriptional signature. Immunity 27: 786-800.

18.	Bilate AM, Lafaille JJ (2012) Induced CD4+Foxp3+ regulatory T cells in immune 
tolerance. Annu Rev Immunol 30: 733-758.

19.	Haribhai D, Lin W, Edwards B, Ziegelbauer J, Salzman NH, et al. (2009) A 
central role for induced regulatory T cells in tolerance induction in experimental 
colitis. J Immunol 182: 3461-3468.

20.	Haribhai D, Williams JB, Jia S, Nickerson D, Schmitt EG, et al. (2011) A 
requisite role for induced regulatory T cells in tolerance based on expanding 
antigen receptor diversity. Immunity 35: 109-122.

21.	McGovern JL, Nguyen DX, Notley CA, Mauri C, Isenberg DA, et al. (2012) Th17 
cells are restrained by Treg cells via the inhibition of interleukin-6 in patients 
with rheumatoid arthritis responding to anti-tumor necrosis factor antibody 
therapy. Arthritis Rheum 64: 3129-3138.

22.	Notley CA, McCann FE, Inglis JJ, Williams RO (2010) ANTI-CD3 therapy 
expands the numbers of CD4+ and CD8+ Treg cells and induces sustained 
amelioration of collagen-induced arthritis. Arthritis Rheum 62: 171-178.

23.	Pasare C, Medzhitov R (2003) Toll pathway-dependent blockade of CD4+CD25+ 
T cell-mediated suppression by dendritic cells. Science 299: 1033-1036.

24.	Korn T, Reddy J, Gao W, Bettelli E, Awasthi A, et al. (2007) Myelin-specific 
regulatory T cells accumulate in the CNS but fail to control autoimmune 
inflammation. Nat Med 13: 423-431.

25.	van Amelsfort JM, van Roon JA, Noordegraaf M, Jacobs KM, Bijlsma JW, et al. 
(2007) Proinflammatory mediator-induced reversal of CD4+,CD25+ regulatory T 
cell-mediated suppression in rheumatoid arthritis. Arthritis Rheum 56: 732-742.

26.	Korn T, Mitsdoerffer M, Croxford AL, Awasthi A, Dardalhon VA, et al. (2008) 
IL-6 controls Th17 immunity in vivo by inhibiting the conversion of conventional 
T cells into Foxp3+ regulatory T cells. Proc Natl Acad Sci U S A 105: 18460-
18465.

27.	Fujimoto M, Nakano M, Terabe F, Kawahata H, Ohkawara T, et al. (2011) The 
influence of excessive IL-6 production in vivo on the development and function 
of Foxp3+ regulatory T cells. J Immunol 186: 32-40.

28.	Valencia X, Stephens G, Goldbach-Mansky R, Wilson M, Shevach EM, et al. 
(2006) TNF downmodulates the function of human CD4+CD25hi T-regulatory 
cells. Blood 108: 253-261.

29.	Nadkarni S, Mauri C, Ehrenstein MR (2007) Anti-TNF-alpha therapy induces 
a distinct regulatory T cell population in patients with rheumatoid arthritis via 
TGF-beta. J Exp Med 204: 33-39.

30.	Chen X, Bäumel M, Männel DN, Howard OM, Oppenheim JJ (2007) Interaction 
of TNF with TNF receptor type 2 promotes expansion and function of mouse 
CD4+CD25+ T regulatory cells. J Immunol 179: 154-161.

31.	Grinberg-Bleyer Y, Saadoun D, Baeyens A, Billiard F, Goldstein JD, et al. (2010) 
Pathogenic T cells have a paradoxical protective effect in murine autoimmune 
diabetes by boosting Tregs. J Clin Invest 120: 4558-4568.

32.	Ehrenstein MR, Evans JG, Singh A, Moore S, Warnes G, et al. (2004) 
Compromised function of regulatory T cells in rheumatoid arthritis and reversal 
by anti-TNFalpha therapy. J Exp Med 200: 277-285.

33.	Zanin-Zhorov A, Ding Y, Kumari S, Attur M, Hippen KL, et al. (2010) Protein 
kinase C-theta mediates negative feedback on regulatory T cell function. 
Science 328: 372-376.

34.	van Amelsfort JM, Jacobs KM, Bijlsma JW, Lafeber FP, Taams LS (2004) 
CD4(+)CD25(+) regulatory T cells in rheumatoid arthritis: differences in the 
presence, phenotype, and function between peripheral blood and synovial fluid. 
Arthritis Rheum 50: 2775-2785.

35.	Cosimi AB, Burton RC, Colvin RB, Goldstein G, Delmonico FL, et al. (1981) 
Treatment of acute renal allograft rejection with OKT3 monoclonal antibody. 
Transplantation 32: 535-539.

36.	Nicolls MR, Aversa GG, Pearce NW, Spinelli A, Berger MF, et al. (1993) 
Induction of long-term specific tolerance to allografts in rats by therapy with an 
anti-CD3-like monoclonal antibody. Transplantation 55: 459-468.

37.	Chatenoud L, Primo J, Bach JF (1997) CD3 antibody-induced dominant self 
tolerance in overtly diabetic NOD mice. J Immunol 158: 2947-2954.

38.	Chatenoud L, Thervet E, Primo J, Bach JF (1994) Anti-CD3 antibody induces 
long-term remission of overt autoimmunity in nonobese diabetic mice. Proc Natl 
Acad Sci U S A 91: 123-127.

39.	You S, Leforban B, Garcia C, Bach JF, Bluestone JA, et al. (2007) Adaptive 
TGF-beta-dependent regulatory T cells control autoimmune diabetes and are 
a privileged target of anti-CD3 antibody treatment. Proc Natl Acad Sci U S A 
104: 6335-6340.

40.	Chatenoud L (2010) Immune therapy for type 1 diabetes mellitus-what is 
unique about anti-CD3 antibodies? Nat Rev Endocrinol 6: 149-157.

41.	Herold KC, Hagopian W, Auger JA, Poumian-Ruiz E, Taylor L, et al. (2002) 
Anti-CD3 monoclonal antibody in new-onset type 1 diabetes mellitus. N Engl J 
Med 346: 1692-1698.

42.	Keymeulen B, Vandemeulebroucke E, Ziegler AG, Mathieu C, Kaufman L, et al. 
(2005) Insulin needs after CD3-antibody therapy in new-onset type 1 diabetes. 
N Engl J Med 352: 2598-2608.

43.	Bisikirska B, Colgan J, Luban J, Bluestone JA, Herold KC (2005) TCR 
stimulation with modified anti-CD3 mAb expands CD8+ T cell population and 
induces CD8+CD25+ Tregs. J Clin Invest 115: 2904-2913.

44.	Waldron-Lynch F, Henegariu O, Deng S, Preston-Hurlburt P, Tooley J, et al. 
(2012) Teplizumab induces human gut-tropic regulatory cells in humanized 
mice and patients. Sci Transl Med 4: 118ra12.

45.	Kuhn C, You S, Valette F, Hale G, van Endert P, et al. (2011) Human CD3 
transgenic mice: preclinical testing of antibodies promoting immune tolerance. 
Sci Transl Med 3: 68ra10.

46.	Isaacs JD (2008) Therapeutic T-cell manipulation in rheumatoid arthritis: past, 
present and future. Rheumatology (Oxford) 47: 1461-1468.

47.	Utset TO, Auger JA, Peace D, Zivin RA, Xu D, et al. (2002) Modified anti-CD3 
therapy in psoriatic arthritis: a phase I/II clinical trial. J Rheumatol 29: 1907-
1913.

48.	Wu HY, Maron R, Tukpah AM, Weiner HL (2010) Mucosal anti-CD3 monoclonal 
antibody attenuates collagen-induced arthritis that is associated with induction 
of LAP+ regulatory T cells and is enhanced by administration of an emulsome-
based Th2-skewing adjuvant. J Immunol 185: 3401-3407.

49.	Dépis F, Hatterer E, Lamacchia C, Waldburger JM, Gabay C, et al. (2012) 
Long-term amelioration of established collagen-induced arthritis achieved 
with short-term therapy combining anti-CD3 and anti-tumor necrosis factor 
treatments. Arthritis Rheum 64: 3189-3198. 

50.	Chen W, Jin W, Hardegen N, Lei KJ, Li L, et al. (2003) Conversion of peripheral 
CD4+CD25- naive T cells to CD4+CD25+ regulatory T cells by TGF-beta 
induction of transcription factor Foxp3. J Exp Med 198: 1875-1886.

51.	Kong N, Lan Q, Chen M, Wang J, Shi W, et al. (2012) Antigen-specific 
transforming growth factor β-induced Treg cells, but not natural Treg cells, 
ameliorate autoimmune arthritis in mice by shifting the Th17/Treg cell balance 
from Th17 predominance to Treg cell predominance. Arthritis Rheum 64: 2548-
2558.

52.	Kim HP, Leonard WJ (2007) CREB/ATF-dependent T cell receptor-induced 
FoxP3 gene expression: a role for DNA methylation. J Exp Med 204: 1543-
1551.

53.	Tran DQ, Ramsey H, Shevach EM (2007) Induction of FOXP3 expression in 
naive human CD4+FOXP3 T cells by T-cell receptor stimulation is transforming 
growth factor-beta dependent but does not confer a regulatory phenotype. 
Blood 110: 2983-2990.

54.	Hippen KL, Merkel SC, Schirm DK, Nelson C, Tennis NC, et al. (2011) 
Generation and large-scale expansion of human inducible regulatory T cells 
that suppress graft-versus-host disease. Am J Transplant 11: 1148-1157.

55.	Lu L, Zhou X, Wang J, Zheng SG, Horwitz DA (2010) Characterization of 
protective human CD4CD25 FOXP3 regulatory T cells generated with IL-2, 
TGF-β and retinoic acid. PLoS One 5: e15150.

56.	Sagoo P, Ratnasothy K, Tsang Y, Barber LD, Noble A, et al. (2012) Alloantigen-
specific regulatory T cells prevent experimental chronic graft-versus-host 
disease by simultaneous control of allo- and autoreactivity. Eur J Immunol 42: 
3322-3333. 

57.	Tsang JY, Tanriver Y, Jiang S, Leung E, Ratnasothy K, et al. (2009) Indefinite 
mouse heart allograft survival in recipient treated with CD4(+)CD25(+) regulatory 
T cells with indirect allospecificity and short term immunosuppression. Transpl 
Immunol 21: 203-209.

58.	Gavin MA, Torgerson TR, Houston E, DeRoos P, Ho WY, et al. (2006) Single-
cell analysis of normal and FOXP3-mutant human T cells: FOXP3 expression 

http://www.ncbi.nlm.nih.gov/pubmed/12612578
http://www.ncbi.nlm.nih.gov/pubmed/11137993
http://www.ncbi.nlm.nih.gov/pubmed/22966001
http://www.ncbi.nlm.nih.gov/pubmed/18024188
http://www.ncbi.nlm.nih.gov/pubmed/22224762
http://www.ncbi.nlm.nih.gov/pubmed/19265124
http://www.ncbi.nlm.nih.gov/pubmed/21723159
http://www.ncbi.nlm.nih.gov/pubmed/22674488
http://www.ncbi.nlm.nih.gov/pubmed/20039431
http://www.ncbi.nlm.nih.gov/pubmed/12532024
http://www.ncbi.nlm.nih.gov/pubmed/17384649
http://www.ncbi.nlm.nih.gov/pubmed/17328044
http://www.ncbi.nlm.nih.gov/pubmed/19015529
http://www.ncbi.nlm.nih.gov/pubmed/21106853
http://www.ncbi.nlm.nih.gov/pubmed/16537805
http://www.ncbi.nlm.nih.gov/pubmed/17200409
http://www.ncbi.nlm.nih.gov/pubmed/17579033
http://www.ncbi.nlm.nih.gov/pubmed/21099113
http://www.ncbi.nlm.nih.gov/pubmed/15280421
http://www.ncbi.nlm.nih.gov/pubmed/20339032
http://www.ncbi.nlm.nih.gov/pubmed/15457445
http://www.ncbi.nlm.nih.gov/pubmed/7041358
http://www.ncbi.nlm.nih.gov/pubmed/8456460
http://www.ncbi.nlm.nih.gov/pubmed/9058834
http://www.ncbi.nlm.nih.gov/pubmed/8278351
http://www.ncbi.nlm.nih.gov/pubmed/17389382
http://www.ncbi.nlm.nih.gov/pubmed/20173776
http://www.ncbi.nlm.nih.gov/pubmed/12037148
http://www.ncbi.nlm.nih.gov/pubmed/15972866
http://www.ncbi.nlm.nih.gov/pubmed/16167085
http://www.ncbi.nlm.nih.gov/pubmed/22277969
http://www.ncbi.nlm.nih.gov/pubmed/21289272
http://www.ncbi.nlm.nih.gov/pubmed/18503092
http://www.ncbi.nlm.nih.gov/pubmed/12233885
http://www.ncbi.nlm.nih.gov/pubmed/20720210
http://www.ncbi.nlm.nih.gov/pubmed/22508436
http://www.ncbi.nlm.nih.gov/pubmed/14676299
http://www.ncbi.nlm.nih.gov/pubmed/22605463
http://www.ncbi.nlm.nih.gov/pubmed/17591856
http://www.ncbi.nlm.nih.gov/pubmed/17644734
http://www.ncbi.nlm.nih.gov/pubmed/21564534
http://www.ncbi.nlm.nih.gov/pubmed/21179414
http://www.ncbi.nlm.nih.gov/pubmed/22996319
http://www.ncbi.nlm.nih.gov/pubmed/19446634
http://www.ncbi.nlm.nih.gov/pubmed/16617117


Citation: McGovern JL, Notley CA (2013) Immunotherapy in Rheumatoid Arthritis: Prospects for the Restoration of Tolerance. J Clin Cell Immunol 
S6: 008. doi:10.4172/2155-9899.S6-008

Page 7 of 7

J Clin Cell Immunol                                                     ISSN:2155-9899 JCCI, an open access journal Immunotherapies and Rheumatoid arthritis

without regulatory T cell development. Proc Natl Acad Sci U S A 103: 6659-
6664.

59.	Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, et al. (2006) CD127 expression 
inversely correlates with FoxP3 and suppressive function of human CD4+ T reg 
cells. J Exp Med 203: 1701-1711.

60.	Stanislawski T, Voss RH, Lotz C, Sadovnikova E, Willemsen RA, et al. (2001) 
Circumventing tolerance to a human MDM2-derived tumor antigen by TCR 
gene transfer. Nat Immunol 2: 962-970.

61.	Brusko TM, Koya RC, Zhu S, Lee MR, Putnam AL, et al. (2010) Human 
antigen-specific regulatory T cells generated by T cell receptor gene transfer. 
PLoS One 5: e11726.

62.	Wright GP, Notley CA, Xue SA, Bendle GM, Holler A, et al. (2009) Adoptive 
therapy with redirected primary regulatory T cells results in antigen-specific 
suppression of arthritis. Proc Natl Acad Sci U S A 106: 19078-19083.

63.	Vossenaar ER, van Venrooij WJ (2004) Citrullinated proteins: sparks that may 
ignite the fire in rheumatoid arthritis. Arthritis Res Ther 6: 107-111.

64.	Hill JA, Southwood S, Sette A, Jevnikar AM, Bell DA, et al. (2003) Cutting 
edge: the conversion of arginine to citrulline allows for a high-affinity peptide 
interaction with the rheumatoid arthritis-associated HLA-DRB1*0401 MHC 
class II molecule. J Immunol 171: 538-541.

65.	Stastny P (1976) Mixed lymphocyte cultures in rheumatoid arthritis. J Clin 
Invest 57: 1148-1157.

66.	Gregersen PK, Silver J, Winchester RJ (1987) The shared epitope hypothesis. 
An approach to understanding the molecular genetics of susceptibility to 
rheumatoid arthritis. Arthritis Rheum 30: 1205-1213.

67.	van Gaalen FA, van Aken J, Huizinga TW, Schreuder GM, Breedveld FC, et 
al. (2004) Association between HLA class II genes and autoantibodies to cyclic 
citrullinated peptides (CCPs) influences the severity of rheumatoid arthritis. 
Arthritis Rheum 50: 2113-2121.

68.	Masson-Bessière C, Sebbag M, Girbal-Neuhauser E, Nogueira L, Vincent C, 
et al. (2001) The major synovial targets of the rheumatoid arthritis-specific 
antifilaggrin autoantibodies are deiminated forms of the alpha- and beta-chains 
of fibrin. J Immunol 166: 4177-4184.

69.	Vossenaar ER, Radstake TR, van der Heijden A, van Mansum MA, Dieteren C, 
et al. (2004) Expression and activity of citrullinating peptidylarginine deiminase 
enzymes in monocytes and macrophages. Ann Rheum Dis 63: 373-381.

70.	Burkhardt H, Sehnert B, Bockermann R, Engström A, Kalden JR, et al. (2005) 
Humoral immune response to citrullinated collagen type II determinants in early 
rheumatoid arthritis. Eur J Immunol 35: 1643-1652.

71.	Kinloch A, Tatzer V, Wait R, Peston D, Lundberg K, et al. (2005) Identification of 
citrullinated alpha-enolase as a candidate autoantigen in rheumatoid arthritis. 
Arthritis Res Ther 7: R1421-1429.

72.	Hill JA, Bell DA, Brintnell W, Yue D, Wehrli B, et al. (2008) Arthritis induced by 
posttranslationally modified (citrullinated) fibrinogen in DR4-IE transgenic mice. 
J Exp Med 205: 967-979.

73.	Dhodapkar MV, Steinman RM, Krasovsky J, Munz C, Bhardwaj N (2001) 
Antigen-specific inhibition of effector T cell function in humans after injection of 
immature dendritic cells. J Exp Med 193: 233-238.

74.	Mahnke K, Qian Y, Knop J, Enk AH (2003) Induction of CD4+/CD25+ regulatory 
T cells by targeting of antigens to immature dendritic cells. Blood 101: 4862-
4869.

75.	Martin E, Capini C, Duggan E, Lutzky VP, Stumbles P, et al. (2007) Antigen-
specific suppression of established arthritis in mice by dendritic cells deficient 
in NF-kappaB. Arthritis Rheum 56: 2255-2266.

76.	Ma L, Qian S, Liang X, Wang L, Woodward JE, et al. (2003) Prevention of 
diabetes in NOD mice by administration of dendritic cells deficient in nuclear 
transcription factor-kappaB activity. Diabetes 52: 1976-1985.

77.	Usui Y, Takeuchi M, Hattori T, Okunuki Y, Nagasawa K, et al. (2009) 
Suppression of experimental autoimmune uveoretinitis by regulatory dendritic 
cells in mice. Arch Ophthalmol 127: 514-519.

78.	Stoop JN, Harry RA, von Delwig A, Isaacs JD, Robinson JH, et al. (2010) 
Therapeutic effect of tolerogenic dendritic cells in established collagen-induced 
arthritis is associated with a reduction in Th17 responses. Arthritis Rheum 62: 
3656-3665.

79.	Radstake TR, Blom AB, Slöetjes AW, van Gorselen EO, Pesman GJ, et al. 
(2004) Increased FcgammaRII expression and aberrant tumour necrosis factor 
alpha production by mature dendritic cells from patients with active rheumatoid 
arthritis. Ann Rheum Dis 63: 1556-1563.

80.	Radstake TR, van Lent PL, Pesman GJ, Blom AB, Sweep FG, et al. (2004) 
High production of proinflammatory and Th1 cytokines by dendritic cells from 
patients with rheumatoid arthritis, and down regulation upon FcgammaR 
triggering. Ann Rheum Dis 63: 696-702.

81.	Harry RA, Anderson AE, Isaacs JD, Hilkens CM (2010) Generation and 
characterisation of therapeutic tolerogenic dendritic cells for rheumatoid 
arthritis. Ann Rheum Dis 69: 2042-2050.

82.	Hilkens CM, Isaacs JD, Thomson AW (2010) Development of dendritic cell-
based immunotherapy for autoimmunity. Int Rev Immunol 29: 156-183.

83.	Fleischmann R, Cutolo M, Genovese MC, Lee EB, Kanik KS, et al. (2012) 
Phase IIb dose-ranging study of the oral JAK inhibitor tofacitinib (CP-690,550) 
or adalimumab monotherapy versus placebo in patients with active rheumatoid 
arthritis with an inadequate response to disease-modifying antirheumatic 
drugs. Arthritis Rheum 64: 617-629.

84.	van Vollenhoven RF, Fleischmann R, Cohen S, Lee EB, García Meijide JA, et 
al. (2012) Tofacitinib or adalimumab versus placebo in rheumatoid arthritis. N 
Engl J Med 367: 508-519.

This article was originally published in a special issue, Immunotherapies 
and Rheumatoid arthritis handled by Editor(s). Dr. Hongkuan Fan, Medical 
University of South Carolina, USA

http://www.ncbi.nlm.nih.gov/pubmed/16617117
http://www.ncbi.nlm.nih.gov/pubmed/16818678
http://www.ncbi.nlm.nih.gov/pubmed/11577350
http://www.ncbi.nlm.nih.gov/pubmed/20668510
http://www.ncbi.nlm.nih.gov/pubmed/19884493
http://www.ncbi.nlm.nih.gov/pubmed/15142259
http://www.ncbi.nlm.nih.gov/pubmed/12847215
http://www.ncbi.nlm.nih.gov/pubmed/1262462
http://www.ncbi.nlm.nih.gov/pubmed/2446635
http://www.ncbi.nlm.nih.gov/pubmed/15248208
http://www.ncbi.nlm.nih.gov/pubmed/11238669
http://www.ncbi.nlm.nih.gov/pubmed/15020330
http://www.ncbi.nlm.nih.gov/pubmed/15832289
http://www.ncbi.nlm.nih.gov/pubmed/16277695
http://www.ncbi.nlm.nih.gov/pubmed/18391064
http://www.ncbi.nlm.nih.gov/pubmed/11208863
http://www.ncbi.nlm.nih.gov/pubmed/12543858
http://www.ncbi.nlm.nih.gov/pubmed/17599748
http://www.ncbi.nlm.nih.gov/pubmed/12882913
http://www.ncbi.nlm.nih.gov/pubmed/19365033
http://www.ncbi.nlm.nih.gov/pubmed/20862679
http://www.ncbi.nlm.nih.gov/pubmed/15547078
http://www.ncbi.nlm.nih.gov/pubmed/15140777
http://www.ncbi.nlm.nih.gov/pubmed/20551157
http://www.ncbi.nlm.nih.gov/pubmed/20199240
http://www.ncbi.nlm.nih.gov/pubmed/21952978
http://www.ncbi.nlm.nih.gov/pubmed/22873531

	Title

	Corresponding author
	Abstract
	Keywords
	Introduction
	Targeting Inflammation through Induction of Tolerance
	Tolerance
	The effects of inflammation on Treg function
	Regulatory T cells in RA

	The Use of Biologics to Induce Functional Treg
	Anti-TNF-α in RA
	Anti-CD3 monoclonal antibodies (mAb)
	Anti-CD3 mAb in RA
	Cellular therapies
	In vitro generated iTreg
	In vitro expansion of antigen-specific nTreg
	Generation of antigen-specific nTreg via TCR gene transfer
	Tolerogenic Dendritic Cells

	Future Therapeutics
	Summary
	Figure 1
	References



